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Abstract
The earth’s oceans and rivers remain widely unexplored. Hobbyists and companies across the
globe invest money and resources into remotely operated vehicles (ROV) to further expand
underwater knowledge. Each ROV includes a controller that operates motors and monitors other
crucial system vitals. The ROV Controller project makes the process of designing an ROV simpler
and more affordable by providing a multi-purpose programmable controller.
The ROV controller features programmable digital inputs/outputs and analog inputs. The
controller processes control signals from analog joysticks, digital signals from a gyroscope and
utilizes a MUX to expand the analog input capabilities of the Arduino. The digital output ports
feature pulse width modulation for controlling motors and servo motors.
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CHAPTER 1 – Introduction

The introduction describes the purpose of the ROV Controller and the motivation behind the
controller. Various products accomplish similar controller tasks, but the ROV Controller’s
design allows for an enhanced underwater vehicle experience.
The senior project, ROV (Remotely Operated Vehicle) Controller, focuses on the design,
implementation and testing of a complete underwater vehicle control system. The ROV Controller
implements crucial underwater sub-systems, including signal processing, motor control and sensor
data gathering. The controller features a modular design for complex ROV thruster placement [3].
A previously designed control system describes design methodologies required for underwater
vehicle controllers, and this project further develops those ideas [4]. Prior ROV design dilemmas
include limited sensor inputs and a lack of programmable digital output pins [14]. All design
considerations stem from previous dilemmas faced during ROV design and aim to solve these
problems.
The controller integrates temperature and gyroscope sensors to monitor internal vehicle conditions
and stability [5,6]. The controller should integrate additional safety measures, including humidity
sensors, if time permits [7]. The vehicle’s predefined size, batteries, and motor selection limit the
project’s specifications, but still leave room for creativity and functionality. The vehicle
containment unit size limits the maximum size of the ROV controller, and the battery within the
vehicle limits the ROV controller’s operating voltage range. The controller should activate up to
6 brushless DC motors, with a specific PWM range. The controller’s inner processors feature
programmable digital and analog GPIO pins, capable of interfacing with sensors and generating
PWM signal [8].
The controller design considers a reasonable budget and appropriate design engineer skill levels.
Various patents limit the functionality of the controller if it were manufactured as a product [9,10].
Additionally, the ROV Controller could integrate a lithium polymer battery safety integrated
circuit to prevent battery over-discharge [11].
The basic ROV Controller architecture stems from previously designed quadcopter controllers,
specifically the PixHawk. The PixHawk features opensource software, with configurable
quadcopter motor configurations and easily programmable digital output pins. The ROV
Controller operates like the PixHawk, but the major differences between the two products include:
programmable input pins, ROV external thruster placement, servo compatibility and fewer powerdissipating features like GPS [14]. The PixHawk lacks adjustable thruster placement templates,
thus making it difficult to use on custom vehicles. The PixHawk PWM output frequency and pulse
duration remain optimized for motor use, but servos operate under a different range of pulse
durations and PWM [16,17]. The ROV Controller and PixHawk price evaluations feature similar
costs and labor charges.
The following section expands on customer needs assessed to design the controller, and
specifications required to meet customer demand.
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CHAPTER 2 – Customer Needs, Requirements, and Specifications

The customer needs assessment feeds into the expected requirements and specifications the ROV
Controller should follow. All customers should agree with the assessment performed and add
additional comments once presented the project plan. Most customer needs stem from hobbyists.
Customer Needs Assessment
The baseline customer needs include small dimensions, programmable GPIO, simplicity and cost.
The controller’s primary customers encompass unexperienced hobbyists to experienced engineers
which suggests an easy-to-use controller. Remotely operated vehicles require small electronic
containment units, which offer limited space for the system controller [12]. The controller should
provide programmable GPIO. The vehicles maneuver using underwater thrusters controlled by
generated digital PWM signals. The system sensors produce digital or analog signals for the
controller to process using programmable inputs [12]. The controller remains simple by designing
it to behave modularly. The design should easily plug into any system’s pre-existing speed
controllers, power supply and sensors. A modular design simplifies the efforts that customers put
into the controller integration [13]. The costs incurred designing the vehicle encompass the various
internal devices, such as microcontrollers, voltage regulators, sensors and connectors. The ROV
Controller low price maximizes the quantity of customers the project sees.
The controller customer needs come from customer needs of the PixHawk, a quadcopter motor
controller [14]. The PixHawk controls quadcopters using a multi-processor design, with digital
PWM generation and programmable outputs. The ROV Controller inherits various PixHawk
functions, plus programmable inputs, and the PixHawk price of approximately $150. The
controller should perform the same PixHawk tasks on a remotely operated vehicle versus a
quadcopter. The PixHawk incorporates a balancing gyroscope to ensure the vehicle trajectory
remains accurate. The ROV Controller also incorporates a gyroscope. The PixHawk customer
needs analysis, [14], helped determine the customer needs required for the ROV Controller due to
similarities between both products and the rising development of the ArduSub Project. ArduSub
firmware restructures PixHawk functionality to support ROV control, but the firmware still lacks
features [18]. The lack of customizable thruster placement introduces a large design constriction,
as does the limited compatible sensors. Most customer needs stem from hobbyists.
Requirements and Specifications
The small and low-cost marketing requirements (1 and 2 in Table 1) comprise common standards
followed by industry. The product dimension and weight specifications originate from the limited
size of the prototype vehicle. The controller’s price range determines the number of customers and
limits spending.
The programmability and ability to interface (3 and 4 in Table 1) determine the controller’s
practicality. Any additional GPIOs add to the versatility of the controller and vehicle. The sensor
and interfacing specifications determine what types of peripheral signals the controller should
process, and how the signals enter the controller. The vehicle depends on the additional peripherals
to ensure top performance. The additional peripherals interact with the controller via the GPIOs (5
in Table 1).
2

The controller should remain easy-to-operate, allowing for customers to easily learn how to
operate the controller, and integrate it into projects (6 in Table 1). The motor control features
should operate BLDC motors using PWM digital signals, generated from the microcontroller (7 in
Table 1). The final design consideration stems from the input voltage range. The range should
encapsulate the typical range of 3S lithium polymer batteries, 9.6 to 12.6 V (8 in Table 1).
Table 1 enumerates the marketing requirements of this project and connects them with engineering
specifications. Table 2 catalogs the project deliverables and their due dates.
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Table 1 ROV CONTROLLER REQUIREMENTS AND SPECIFICATIONS
Marketing
Engineering
Justification
Requirements
Specifications
4, 3
The controller should have the
Remotely operated vehicles have
ability to communicate with 3 to 6
sensors to monitor vehicle operation.
sensors
The controller reacts to critical
conditions detected from the sensors
[8].
4, 3
The controller should communicate
Most sensors communicate using
using UART, SPI and I2C
these protocols [8].
4
The controller should take a control
The control signal determines the
signal (via UART or USB) from the output seen by the electronic speed
user
controllers that generate the 3-phase
signals for BLDC motors.
5, 4, 3
The controller should include up to 5 Additional GPIOs interface with other
analog and 10 digital GPIO pins
ROV circuits and systems, such as
cameras and tracking systems [8].
6
The controller should include LEDs Most remotely operated vehicles
to indicate the device’s operation
encounter issues while submerged.
status
The LEDs act as visual indicators to
detail issues the vehicle encounters.
Operation statuses include on and
armed, on and disarmed or off.
6
The controller should activate a
The buzzer behaves as an audio queue
buzzer to indicate the device’s
for vehicle operation.
operation status
6
The controller should behave
The controller should easily integrate
modularly
into various underwater vehicle
chassis.
6
The controller should operate
Underwater temperature should
optimally from 0 to 70 degrees
remain low, unless unintentional
Celsius
heating of components occurs,
meaning the controller should operate
from low underwater temperatures, to
high internal containment unit
temperatures.
7
The controller should provide PWM The ROV’s BLDC motors thrust the
digital output signals for up to 4
vehicle according to the controller’s
BLDC motor electronic speed
input signal from GCS.
controllers

4

7

The controller should have 0 to +5V
(+/- 100mV) PWM digital outputs

8

The controller’s input voltage ranges
from 9.6 to 12.6V

1

The product dimensions should not
exceed 6” x 6” x 6”

1

The product weight should not
exceed 2.5 pounds

2

The production cost should not
exceed $150
Marketing Requirements
1. Compact
2. Affordable
3. Programmable
4. Ability to interact with sensors and GCS
5. Multi-purpose GPIOs
6. User friendly
7. Multiple Motor Control
8. Wide Input Voltage Range
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The BLDC motor electronic speed
controller function off 5.5% to 9.5%
PWM signals at 50 hertz.
A standard 2S Lithium Polymer
battery powers the controller. The
safe operating voltage range of a 2S
LiPo battery ranges +/- 0.8V,
centered at 7.4V.
The prototype vehicle central
containment unit (CCU) has limited
space.
The prototype vehicle central
containment unit has a maximum
weight limit of 15 lbs.
Similar products cost around $100 to
$200.

Table 2 ROV CONTROLLER DELIVERABLES
Delivery
Date
1/20/19
3/1/19
3/8/19
4/30/19
5/30/19
5/31/19
6/7/19
6/14/19

Deliverable Description
Design Review
EE 461 demo
EE 461 report
ROV Controller – Compact prototype for ROV integration
EE 462 demo
ABET Sr. Project Analysis
Sr. Project Expo Poster
EE 462 Report

The following section illustrates the functional Level 0 and Level 1 ROV Controller block
diagrams. The diagrams feature expected signal voltages, power consumption, and signal types.
The Level 1 diagram details two important sub-systems within the ROV Controller: the buck
converter and microcontroller.
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CHAPTER 3 – Functional Decomposition (Level 0 and Level 1)

The Level 0 and 1 block diagrams illustrate the overall functionality of the controller, while
providing a brief description to the expected input and output signals.
Block Diagrams
The ROV Controller Level 0 functional block diagram, Figure 1, gives customers a black-box
representation of the controller and how the controller should operate. Table 3 elaborates on the
function, inputs and outputs of the controller.

Figure 1: Level 0 ROV Controller Block Diagram
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Table 3 ROV Controller Level 0 Block Diagram Description
Module:
ROV Controller
Inputs:
• Input power: The controller’s power comes from a 2S lithium polymer
battery with a voltage range of 6.6 to 8.4 volts. The Arduino
microcontroller input breaks past 200mA of input current, see [8].
• Feedback sensor signals: The communication protocols of the
gyroscope/accelerometer [5], temperature sensor [6] and voltage sensor
vary among UART, SPI and I2C or analog. The signal voltage ranges
between 0 and 5 volts. The Arduino’s GPIO pins can’t source or sink past
40mA, see [8].
• Vehicle movement control signals: The movement signal transmits via
tether and consists of various analog signals to the controller. The signals
correspond to thruster rotation. The signal voltages ranges between 0 and 5
volts. The Arduino’s GPIO pins can’t source or sink past 40mA, see [8].
Outputs:
• Regulated output power for sensors: The controller provides a constant +5V
rail for external sensors attached. The Arduino +5V pin limits maximum
current output to 200mA, see [8].
• Motor Control Signal: The motor controller function off a 0 to 5V PWM
signal. The Arduino’s GPIO pins can’t source or sink past 40mA, see [8].
Functionality: The controller utilizes the input power to regulate and supply power to
external and internal circuits. The movement signal, once processed by the
internal circuitry, determines the PWM output. The controller stores and
processes the feedback sensor outputs to determine vehicle safety and
stability. Overall, the controller should take full-control of the vehicle and
determine safety margins for the vehicle, while maintaining smooth
movement and providing regulated voltages to peripheral sensors.
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The ROV Controller level 1 functional block diagram, Figure 2, illustrates the ROV Controller
internal block, the buck converter and microcontroller. Table 4 and Table 5 elaborate on the
microcontroller and buck converter input and output signals, and the functionality of each block.

Figure 2: Level 1 ROV Controller Block Diagram
Table 4 ROV Controller Level 1 Block Diagram - Microcontroller Description
• Input power: The microcontroller’s power comes from a buck converter.
The Arduino microcontroller input breaks past 200mA of input current and
more than 5.1V at the Vin terminal, see [8].
• Feedback sensor signals: The communication protocols of the
gyroscope/accelerometer [5], temperature sensor [6] and voltage sensor
vary among UART, SPI and I2C or analog. The signal voltage ranges
between 0 and 5 volts. The Arduino’s GPIO pins can’t source or sink past
40mA, see [8].
• Vehicle movement control signals: The movement signal transmits via
tether and consists of various analog signals to the controller. The signals
correspond to thruster rotation. The signal voltages ranges between 0 and 5
volts. The Arduino’s GPIO pins can’t source or sink past 40mA, see [8].
Outputs:
• Motor Control Signal: The motor controller function off a 0 to 5V PWM
signal. The Arduino’s GPIO pins can’t source or sink past 40mA, see [8].
• MUX Select Signal: The microcontroller samples various analog inputs
from the user and uses a MUX to process the vehicle movement control
signals. The Arduino’s GPIO pins can’t source or sink past 40mA.
Functionality: The microcontroller utilizes the buck converter output power to perform
processing tasks. The movement signal, once processed by the
microcontroller, determines the PWM motor output. The controller stores and
processes the feedback sensor outputs to determine vehicle safety and
stability. Overall, the microcontroller should take full control of the vehicle,
read safety conditions of the vehicle and compare safety conditions to
predetermined safety margins while maintaining smooth movement.
Inputs:
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Table 5 ROV Controller Level 1 Block Diagram – Buck Converter Description
Inputs:
• Input power: The controller’s power comes from a 2S lithium polymer
battery with a voltage range of 6.6 to 8.4 volts. The microcontroller loads
the buck converter, so the microcontroller determines the maximum input
current of 200 mA [8].
Outputs:
• Regulated sensor output: The controller provides a constant +5V rail for
external sensors. The system sensors determine the maximum output
current, currently set to 200 mA.
• Regulated µController output: The Arduino Vin pin limits maximum
current output to 200mA and +5 volts, see [8].
Functionality: The converter utilizes the input power to regulate and supply power to
external and internal circuits.
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CHAPTER 4 – Project Planning

The project planning section encompasses the project schedule and cost estimates during the
2018-2019 Cal Poly school year.
EE460:
The initial 10-week schedule, Figure 3, demonstrates the project planning steps required to
produce a professional project plan report. Professor Braun generated the schedule for the EE46001 section.
EE 460 Gantt Chart
Fall 2018
Week 1
M T W

R

Week 2
F

24

M T W

R

Week 3
F

1

M T W

R

Week 4
F

8

M T W

R

Week 5
F

15

M T W

R

Week 6
F

22

M T W

R

Week 7
F

29

M T W

R

Week 8
F

5

M T W

R

Week 9
F

12

M T W

R

Week 10
F

19

M T W

R

Week 11
F

26

M T W

R

Finals
F

3

M

T

W

R

F
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Project Plan
Abstract (Proposal) V1
Requirements and Specifications
Block Diagram
Literature search
Gantt Chart
Cost Estimates
ABET Sr. Project Analysis
Requirements and Specifications V2 + Intro
Parts Order #1
Parts Shipping #1
Report V1
Report V2

Figure 3: EE460 Gantt Chart
EE461:
The EE461 Gantt Chart, Figure 4, illustrates the design, test and build stages of the early
development of the ROV Controller. Winter 2018 should see approximately 2 full design, test and
build stages and accommodates for time lost during parts shipping. Advisor feedback allows for
final design changes, considerations and recommendations when completing the EE461 project
report and deciding on the final controller design.
EE 461 Gantt Chart
Winter 2019
Week 1
M T W
24

R

Week 2
F

M T W
1

R

Week 3
F

M T W
8

R

Week 4
F

M T W
15

R

Week 5
F

M T W

R

Week 6
F

22

M T W
29

R

Week 7
F

M T W

R

Week 8
F

5

M T W
12

R

Week 9
F

M T W
19

R

Week 10
F

M T W
26

R

Week 11
F

M T W
3

R

Finals
F

M

T W

R

F
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Documentation
Design Concept #1
Design Review #1
Design Build #1
Design Test #1
Redesign #2
Review #2
Build #2
Test #2
Parts Order #2
Parts Shipping #2
Report V1
Advisor Feedback
EE461 Final Report

Figure 4: EE461 Gantt Chart
EE462:
The EE462 Gantt Chart, Figure 5, illustrates the final stretch of the ROV Controller. The Gantt
Chart includes final prototype design, build and test, along with two design reviews and another
two design, build and test cycle. The final report deliverable received 2 iterations. The ROV
Controller demonstration verifies complete functionality of the design and integration of the
controller into a remotely operated vehicle.
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EE 462 Gantt Chart
Spring 2019
Week 1
M T W

R

Week 2
F

24

M T W
1

R

Week 3
F

M T W

R

Week 4
F

8

M T W
15

R

Week 5
F

M T W
22

R

Week 6
F

M T W
29

R

Week 7
F

M T W

R

Week 8
F

5

M T W

R

Week 9
F

12

M T W
19

R

Week 10
F

M T W
26

R

Week 11
F

M T W
3

R

Finals
F

M

T W

R

F
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Documentation
Prototype Design #1
Prototype Review #1
Prototype Build #1
Prototype Test #1
Design #2
Review #2
Build #2
Test #2
Report V1
Final Prototype Design
Final Review
Final Build
Final Test
System Integration and Demo
Final Report

Figure 5: EE462 Gantt Chart
Project Cost Estimate
Table 6 Cost Estimate – Projected Sum
Cost Estimates
Parts
Part ID
Microcontroller
MUX
Protoboards
Jumper Cables
Sensors
LiPo Battery
Voltage Regulator

Quantity
3
3
6
150
10
2
3

Cost per Unit
$
$
$
$
$
$
$

15.00
2.00
2.00
0.10
5.00
17.00
9.00

Labor
Labor Charge
Hourly Rate Fixed Rate
Overhead
$
14,500.00
Hourly @ 250 hours total $
45.00
Labor Charge Total Cost:
Total Cost Estimate:

Shipping Cost
$
5.00
$
5.00
$
5.00
$
5.00
$
5.00
$
10.00
$
5.00
Parts Total Cost:

Part Subtotal
$
50.00
$
11.00
$
17.00
$
20.00
$
55.00
$
44.00
$
32.00
$
229.00

Charge Subtotal
$
14,500.00
$
11,250.00
$
25,750.00

$ 25,979.00

The parts cost includes primary components seen in various controllers. Cables, wires, and
protoboards allow for easy prototyping, making them a necessity. The microcontroller interacts
with the central computer via ethernet cable. The battery and voltage regulator supply the
microcontroller and sensors power. The labor hour calculations utilize the following formula:
𝑃𝑒𝑠𝑠𝑖𝑚𝑖𝑠𝑡 𝑇𝑖𝑚𝑒 + 4 ∗ 𝐴𝑐𝑡𝑢𝑎𝑙 𝑇𝑖𝑚𝑒 + 𝑂𝑝𝑡𝑖𝑚𝑖𝑠𝑡 𝑇𝑖𝑚𝑒
𝑇𝑜𝑡𝑎𝑙 ℎ𝑜𝑢𝑟𝑠 =
6
Where pessimist time, actual time and optimist time equal 300, 250 and 200 hours. The chosen
hourly rate stems from average entry level electrical engineer positions. The overhead charge
includes facility costs and management costs. The primary test equipment includes oscilloscopes,
power supplies, probes, test leads and a pre-existing ROV.
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CHAPTER 5 – Design Implementation and Considerations

The ROV Controller design should integrate into generic underwater vehicles, therefore the
controller specification verification was performed on a pre-built ROV. Figure 6 illustrates the
mechanical shape and design of the specific ROV used for testing, along with the pitch, roll and
yaw axes. The ROV design stems from an on-campus workshop designed to introduce students to
understanding and creating a budget ROV [20].

Figure 6: Underwater ROV CAD Model [20]
Table 7 details the changes of the previously mentioned design specification to optimize the
performance of the controller. Chapter 7 discusses the design changes of the project in detail and
covers future work that can further optimize the controller.
13

Table 7 Engineering Specification Alteration
Marketing
Old Engineering
New Engineering
Design Change
Requirements Specification
Specification
Justification
4
The controller should take The controller should The analog control signal
a control signal (via take one analog allows for simpler and
UART or USB) from a control signal (0 to precise motor control
GCS
+5V) per axis of whereas the UART or
movement
(Three USB
signal
require
total)
additional processing and
hardware
Table 8 Engineering Specification Addition
Marketing
New Engineering
Design Change Justification
Requirements Specification
5
The controller should feature a The Arduino microcontroller features
multiplexor to cycle through analog limited analog input pins; thus, a
inputs
multiplexor creates additional analog
input channels while only using a
single pin of the microcontroller.

The controller consists of three primary components: the microcontroller, the buck converter and
the system’s feedback sensors. The feedback sensors include a gyroscope, accelerometer and a
temperature sensor. Table 9 lists all the components utilized in the design and their purpose. Table
10 shows the cost of the following components.
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Table 9 Vehicle Components List
Component
Quantity Purpose
Microcontroller
1
The microcontroller processes the usercontrol and sensor signals and generates the
necessary pulse-width modulated signals to
control the BLDC motors located on the
vehicle chassis. The microcontroller also
generates the select signals for the
multiplexor.
Multiplexor
1
The multiplexor input consists of the three
main analog control signals and outputs into
one of the microcontrollers analog input
pins.
Gyroscope
1
The gyroscope records the vehicle pitch
angle and communicates the result to
microcontroller via I2C.
Analog
2
The user utilizes the various axes of the
Joystick
joysticks to control the left, right, top and
bottom motors of the ROV.
Buck
1
The buck converter steps the 3S lithium
Converter
polymer battery voltage down to +5 Volts
for the microcontroller, joysticks, gyroscope
and multiplexor.
SPST Switch
1
The external switch turns the controller on
and off.
Jumper Cable
15
The jumper cables connect individual
components together.
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Table 10 ROV Controller Bill of Materials
Category

Pt #

Item #

Name

Color Qty Picture

Cost
Total

Arduino

A000073

1050-1041-ND

ARDUINO UNO
SMD R3
ATMEGA328

Blue

1

$22

Multiplexor

CD74HC4051E 296-12810-5ND

IC
MUX/DEMUX
8X1 16DIP

Black

1

$0.60

Jumper MM

PRT-12795

1568-1512-ND

JUMPER WIRE
CONNECTED
6”M/M 20PK

Multi

20
Pack

$1.95

Gyroscope

BCEA259

Gy521

Gy-521 MPU6050 MPU6050
Module 3 Axis
Analog Gyro
Sensors+ 3 Axis
Accelerometer
Module

Multi

1

$5.98

Switch

418117270902

732-3832-5ND

SWITCH SLIDE
DIP SPST 25MA
24V

Red

1

$1.17

Battery

721248878779

2534

Lumenier
1300mAh 3s 60c
Lipo Battery
(XT60)

Black

1

$17.99

Voltage
Regulator*

200102-10

LM2596

LM2596 DC-DC
Buck Converter
Step Down
Module Power
Supply Output
1.23V-30V

Blue

1

$1.49

Joysticks*

5841724105

B01N59MK0U

WGCD 10pcs
Joystick
Breakout Module
Game Controller
for Arduino PS2

Black

2

$2.38

Total Cost
(*) Component purchased in bulk to minimize shipping cost and price per unit cost.
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$53.56

Control System Design:
The motors require PWM DC signals to control the motors. The following section details the
necessary steps to convert the analog control signal from the joystick to PWM values, outputted
by the Arduino.
The analog joysticks manually control the motors located on the vehicle [21]. The Arduinos 10bit ADC converts the analog value from the joysticks to a decimal value for the Arduino to process.
Figure 7 displays the conversion process of the joystick value, where the joystick at rest returns
512 (2.5 volts) and returns 0 (0 volts) when fully down or 1023 (5 volts) when fully up. The right
and left motors receive the PWM values directly, but the top and bottom motor PWM values are
weighted with an additional PID output. The following text describes the PID control design
process.

Figure 7: 10-Bit ADC to PWM Value Mapping Visual
The desired automatic control system would incorporate PID control from the Arduino to control
the top and bottom motors to stabilize the pitch angle of the vehicle, see Figure 8. The gyroscope
measures the pitch angle and returns the value to the Arduino. The angle acts as the input signal to
the PID controller. The input value is subtracted from the desired pitch angle setpoint, 0 degrees,
to produce an error signal, which is multiplied by a proportional gain and the derivative and
integral of the signal are multiplied by the derivative gain and integral gain, respectively. The sum
of the proportional, integral and derivate values is the output. The output maps to a weighting
function, along with the joystick control values. The weighting function produces the top and
bottom motor speeds, based on the following equations (see below).
The design incorporates the PID library that can be downloaded from the Arduino IDE Library
Manager. Appendix C features all the Arduino code utilized to accomplish this design.
17

Top and Bottom PWM Weighting Equations:
The second analog joystick produces the manual top and bottom motor speed, while the PID output
produces the automatic top and bottom motor speed using the previously mentioned mapping
function of Figure 7. (Note the PID output is mapped from -100 to 100 instead of 0 to 1023)

The mapped speeds are offset to be centered around 0, producing the diffTOP and diffBOT values.

The final equations weigh the diffTOPmanual and diffBOTmanual from 0 to 100% of its original
value. The diffTOPpid and diffBOTpid weights equal: (100% - diffTOPmanual) and (100 % diffBOTmanual) to produce a signal containing both components. Finally, 1500 is added to the
weights to undo the previously done offset. This method of mixing the two control signals
preserves each signal perfectly in the absence of the other. Additionally, it represents a fair
compromise between the automatic motor control and user elevation commands.
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Figure 8: Pitch Stability Control Loop
Power:
The design utilizes a buck converter to step the 3S lithium polymer battery voltage down to +5
volts DC [22].
Chapter 6 details the implementation process, along with the testing phases between all design
reviews.
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CHAPTER 6 – Testing

The ROV Controller hardware and software experienced various design iterations. This chapter
details each iteration and highlights the main additions and subtractions performed to optimize the
controller’s performance.
Joystick and Manual Control Testing:
The first design iteration introduced an Arduino Microcontroller as the central processing unit of
the project. The Arduino’s versatility and simplicity made it a desirable choice. A single dual-axis
joystick generates the analog control signals for the left, right, top and bottom motors [21]. The
initial design also features a switch for transitioning the joystick control from left and right to up
and down. When the switch is activated, the controller processes a single joystick signal and maps
the output to the top and bottom motors. The up and down motion requires only one signal due to
the parallel top and bottom motor control. When the switch is un-activated, the controller processes
two joystick signals and maps the outputs to the left and right motors. The two signals control the
strength of each motor, allowing for forward and backward motion, and left and right motion if
the signals are different, see Table 11 and Figure 9 below. Figure 9 shows the analog output of
each axis read from the Arduino, where the supposed forward motion of the vehicle is fully
northwest (X and Y = 1023), and full backward is fully southeast (X and Y = 0). Figure 10 shows
the first design iteration schematic.

Figure 9: Joystick Axes Description and 10-Bit ADC Output [25]
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Switch
Deactivated
Switch
Activated

Table 11 Joystick Control - First Iteration
Joystick 1 – X Axis
Joystick 1 – Y
Axis
Right Motor
Left Motor
Top & Bottom
Motor

X

Figure 10: First ROV Design Iteration Schematic
Unfortunately, the first design featured various flaws. Switching between the forward/backward
and up/down control was often glitchy and allowed movement in only one direction at a time.
The solution to this problem was adding an additional joystick to control the up/down movement
independently of the left/right movement. The software was adjusted to allow for this change.
The new schematic reflects the addition of a second joystick, Figure 11. Consequently, pure
forward motion of the vehicle requires the joystick to move completely northwest.
Table 12 Joystick Control - Second Iteration
Joystick 1 – X Axis
Joystick 1 – Y
Joystick 2 – X
Axis
Axis
Right Motor
Left Motor
Top & Bottom
Motor
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Figure 11: Second ROV Design Iteration Schematic
Once manual control of the vehicle was established, the third design iteration incorporates a
gyroscope to allow for automatic stability. The component selected was the MPU6050, due to the
integrated gyroscope, accelerometer and temperature sensors [5]. The MPU6050 attaches to the
SDA and SCLK I2C pins of the Arduino. The gyroscope output of interest is the value that
measures the vehicle’s pitch angle. The top and bottom motors are used to stabilize the pitch angle
to the desired reference point, ideally zero degrees. The selected stabilization method was PID
control to minimize steady-state error, optimize response time and add predictivity. The initial PID
coefficients were selected arbitrarily but were optimized using a Simulink model of the ROV and
by performing water tests with the controller.
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MATLAB Testing:
The PID gain coefficients were determined by creating a Simulink model of the ROV. The model
underwent various iterations to accurately model the vehicle, and various assumptions were made
to simplify the process. Unfortunately, a complete model could not be made from modeling each
individual mechanical component, thus a different approach was taken. A thrust versus PWM plot
was gathered from the technical data from T200 thrusters and scaled down by a factor of 5 due to
smaller thruster size and maximum power output [24]. The data was least-squares fit to a highorder polynomial. The data’s best fit equation represents a mapping from PWM duty cycle to
propeller thrusts, see Figure 12 and Appendix F. The Simulink model uses the function, a constant
block, a PID block, and a state-space model whose state is the pitch and the pitch rate to simulate
the ROV, Figure 13.

Thrust vs PWM
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Figure 12: Motor Thrust versus PWM Curve

Figure 13: ROV Pitch Regulator Simulink Model
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The Simulink model was initially tested using initial pitch values of 0 to 60 degrees and gain
coefficients of 1. Figure 14 shows the results of the first simulation. The PID tuner application was
used to optimize the PID block response. The resulting gain coefficients were determined to be:
Kp = 118.8, Ki = 64.6 and Kd = 8.8. The new simulation results display a better working PID
system with a quicker settling time (note the shorter time scale) and less overshoot, Figure 15.

Figure 14: ROV Simulink Simulation Results with Initial Conditions = 0 - 60 Degrees and Ki =
Kd = Kp = 1
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Figure 15: ROV Simulink Simulation Results with Initial Conditions = 0 - 60 Degrees and Kp =
118.8, Ki = 64.6 and Kd = 8.8
The Simulink gain coefficients were too high for the Arduino implementation of the PID
controller, as observed during physical testing. The coefficients were scaled down and changed
based on observed sensitivity when changing the pitch angle of the vehicle. The final coefficients
were determined to be Kp = 1, Ki = 0.5 and Kd = 0.1, but to exaggerate an underdamped response
during underwater testing, the Kp was set to 3.
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Buck Converter Testing:
The Arduino was powered using a USB cable during previously mentioned tests, while the motors
were powered using the lithium polymer battery. The final component integrated into the design
was the buck converter to step down the battery’s voltage to +5 volts. The following data was
gathered to determine the buck’s output while the input voltage equaled 9.6 to 12.8 volts, Table
13. A digital multimeter measured the input voltage pin resistance to accurately load the buck
converter. The testing performed validated the use of the converter.
Table 13 Buck Converter Output versus Input Data
Buck Converter
Output vs Input
Buck Load = 18.8 kΩ
Input Voltage (V) Output Voltage (V) Loaded Output Voltage (V)
9.6
5.03
5.03
10
5.03
5.03
10.4
5.03
5.03
10.8
5.03
5.03
11.2
5.03
5.025
11.6
5.03
5.023
12
5.03
5.023
12.4
5.03
5.025
12.8
5.03
5.024

Following the PID testing, a button press changes the controller from manual up/down movement
to automatic stability plus manual control. The purpose of this feature is to eliminate unnecessary
automatic control of the motors (PID) while the vehicle is not underwater, making it easier to move
the vehicle around without the interruption of the motors. The manual-only control also allows the
user to test the vehicle using only the joysticks. The button is implemented by depressing the first
joystick, meaning that no additional hardware was required for the implementation. The button
activates an interrupt subroutine in the microcontroller’s software. The software utilizes the
attachInterrput() function to attach the interrupt to digital pin 2, and responds to a falling edge, see
Appendix C. Figure 16 illustrates the addition of the MPU6050 gyroscope and interrupt button
from the joystick.
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Figure 16: Third ROV Design Iteration Schematic
Gyroscope Testing:
The Arduino communicates with the gyroscope through the built-in I2C pins, SDA and SCLK.
The Arduino constantly sends a refresh command to the gyroscope and the gyroscope replies with
encoded data that reflects the acceleration and angle of the vehicle in three directions. The Arduino
integrated MPU6050 library handles all the communication between the Arduino and gyroscope,
which successfully worked the upon connection. The primary data that the Arduino is interested
in from the gyroscope is the y-axis angle, where the gyroscope’s y-axis is aligned to measure the
pitch angle of the vehicle.
MUX Testing:
The Arduino IDE includes a library that communicates with the 74HC4051 multiplexor [23]. An
oscilloscope captured the select pin data to illustrate the switching between channels. The binary
select signals switch through the three joystick channels. Figure 17 shows the binary signals from
zero to two, the three channels that connect to the joystick axes.

Figure 17: MUX Select Signals
The final schematic, Figure 18, illustrates the complete design of the ROV Controller following
all the previously mentioned design iterations. A power switch was added between +5 volts and
the Vin pin of the Arduino to easily turn the controller on and off.
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Figure 18: ROV Controller Final Schematic
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CHAPTER 7 – Conclusion and Future Work
The ROV successfully performed an underwater mission using the controller, Figure 19. The
controller’s final design processed the analog control signals and gyroscope digital signals to
generate the necessary motor PWM signals. A first iteration MATLAB model produced initial PID
gain coefficients, which were then normalized, adjusted and used in the microcontroller’s PID
algorithm. The self-stabilization of the vehicle was functional but was ultimately kept
underdamped to produce visible results during testing. Additional power consumption data and
component efficiency tests would be useful for determining optimal battery capacity.
The most time-consuming issues were vehicle maintenance, motor mismatch and optimizing the
PID control.
Due to unknown component parameters, it was difficult to accurately create a system model using
Simulink. The model would benefit from choosing components with known specifications. The
addition of an accurate model would help produce the PID gain coefficients required for a critically
damped system.
To combat mismatched motors, the controller should measure the yaw acceleration of the vehicle
when told to go straight and correct the generated PWM waveforms, essentially requiring a second
PID controller to ensure zero steady-state error when accelerating forward.
The final goal of the project would be to fit the components in the previously specified enclosure
size and create a PCB with the components for a more permanent solution.

Figure 19: Complete ROV Performing Underwater Test with Controller Inside
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Appendix A – ABET Senior Project Analysis
APPENDIX A — ANALYSIS OF SENIOR PROJECT DESIGN
Project Title: ROV Controller
Student’s Name: Christian Aguirre
Student’s Signature: C.A.
Advisor’s Name: Clay McKell
Advisor’s Initials: KCM
Date: 11/5/18
• 1. Summary of Functional Requirements
The ROV Controller integrates various sub-systems to create a complete underwater vehicle
controller. This senior project includes various functions (sensor data collection, motor activation
and signal processing). The functions listed encompass optimal underwater vehicle design. The
controller features sensor communication, primarily temperature and stability monitoring. The
motor activation sensor produces motor movement output signals across three-axes. The ROV
Controller provides an easy-to-use underwater exploration device.
• 2. Primary Constraints
Describe significant challenges or difficulties associated with your project or implementation.
The most challenging issues associated with the ROV Controller include size and cost limitations
and implementing stability control. Most underwater remotely operated vehicles feature limited
space to house electronics, thus the ROV controller electronics must condense into a 216 cubic inch
enclosure. The space limits possible configurations and requires PCB manufacturing or protoboard
design. The cost of microcontrollers increases as their functionality increases, thus making product
selection difficult under a budget. The desired stability control requires a closed-loop system to
monitor the real-time position of the vehicle and adjust accordingly using stability-control motors.
The embedded software required to achieve this feature must include PID control for optimal
performance.
The primary constraints follow design mentioned in Chapter 2 of the Senior Project Plan. The main
functions include motor control, sensor data gathering and programmable input/output pins. The
programmable GPIO should come directly from a microcontroller. The motor speed control signals
(PWM) also come from a microcontroller. The microcontroller acts as the brain of the device,
making it the most important device to consider while considering design constraints.
• 3. Economic
• What economic impacts result?
The primary economic impacts affect natural and human capital. The natural capital gain of this
project stems from the ability to explore underwater habitats and learn more about the un-ventured
deep sea. The possible gain from underwater exploration could increase the potential resources and
source of resources that remain unknown.
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Human capital increases because of this project. The manufacturing and distribution of such a
product requires jobs and people to fill those jobs, thus helping the economy.
• When and where do costs and benefits accrue throughout the project’s lifecycle?
The costs accrue during manufacturing and design prototype phases, where the costs increase until
the final iteration of the project. The benefits accrue when the finalized design integrates into an
underwater vehicle. The learning benefits accrue during the entire project.
• What inputs does the project require? How much does the project cost? Who pays?
Original estimated cost of component parts equals approximately $289, but the final total cost was
$76.62.
Additional equipment costs, including labor and overhead, equal $28,900.
The Cal Poly Electrical Engineering Department sponsors most of the project, including large parts
cost and overhead, while the student designer covers a small portion of the parts cost.
• How much does the project earn? Who profits?
The final senior project earns no monetary profit, but the electrical engineering department profits
with a finalized version of the ROV Controller. Interested customers profit upon device completion.
• Timing
When do products emerge? How long do products exist? What maintenance or operation costs exist?
The product emerged at the end of EE462 and exists for a minimum of 1 year and a maximum of 3
years. No predicted maintenance or operation costs exist.
Original estimated development time, as Gantt or Pert chart.
The following Gantt charts depict the project development time:
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What happens after the project ends?
A successful project-end produces a final iteration of the ROV Controller. The ROV Controller
customer retains full responsibility of disposing the project after purchase.
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• 4. If manufactured on a commercial basis:
• Estimated number of devices sold per year
The ROV Controller sales potential ranges from hundreds to thousands of devices sold per year. A
rough estimate equals 2,000 devices sold per year.
• Estimated manufacturing cost for each device
The estimated manufacturing cost, including all microcontrollers and integrated sensors, equals
approximately $80 for a single device. Table 10 enumerates the component cost per ROV Controller.
• Estimated purchase price for each device
The purchase price per device equals $115 for a 50% profit. The 50% profit should cover additional
manufacturing costs.
• Estimated profit per year
The estimated profit per year equals the purchase price minus the manufacturing cost times devices
sold per year, or $20,000.
• 5. Environmental
• Describe any environmental impacts associated with manufacturing or use, explain where they
occur and quantify.
• Which natural resources and ecosystem services does the project use directly and indirectly?
• Which natural resources and ecosystem services does the project improve or harm?
• How does the project impact other species?
The ROV Controller includes various electronic devices that require natural resources to function
properly, such as metals and silicon. Natural gases, coal, cellulose, salt and crude oil form the basis
of plastic production. The product enclosure, formed from plastic, makes a negative impact on
natural resource usage because of the time and resources that go into production [19]. The ROV
Controller intrudes on underwater habitats and ecosystems, which could positively or negatively
affect the habitat’s species. Alternatively, the ROV Controller could integrate into a vehicle designed
to clean underwater habitats or monitor pollution levels. The net environmental impact of the
controller depends on the use of the project.
• 6. Manufacturability
Describe any issues or challenges associated with manufacturing.
The largest challenge when manufacturing the ROV Controller includes finding a suitable enclosure
for all the electronics within the vehicle and producing PCBs to maximize space efficiency. The
enclosure ensures the safety of the controller if water enters the vehicle. Building an enclosure
requires finding a suitable enclosure or modifying an already existing enclosure. Cal Poly offers laser
cutting as an affordable and precise enclosure creating technique. Ramesh Singh details the laser
cutting process and mechanics [15].
The enclosure design should give easy access to components when opened but provide the
components security when closed. The assembly should have a lid to the central containment section
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to access electronics, which could impact the possibility of water entering the system. Ideally, a
suitable enclosure should assembly easily and retain waterproof functionality. Future iterations of
the ROV Controller should include a complete enclosure.
• 7. Sustainability
• Describe any issues or challenges associated with maintaining the completed device, or system.
The completed device requires little maintenance to function properly. The only expected
maintenance includes component inspection to verify dry levels.
• Describe how the project impacts the sustainable use of resources.
The ROV Controller, ideally, features re-usable or salvageable components to redesign another
controller from a broken one. The project produces sustainable new iterations. If the first prototype
of the ROV Controller fails, components that didn’t fail should operate nominally. Future design and
test iterations could integrate those components to preserve production costs and resources.
• Describe any upgrades that would improve the design of the project.
The controller sustainability increases as components become more reliable and efficient. An
upgraded enclosure allows for aeration and temperature control of the controller, thus increasing
overall efficiency.
• Describe any issues or challenges associated with upgrading the design.
Upgraded enclosures cost more than typical cheap plastic ones. The budget tightens as new
enclosures and electronic components replace old ones.
• 8. Ethical
Describe ethical implications relating to the design, manufacture, use, or misuse of the project.
Analyze using one or more ethical frameworks in addition to the IEEE Code of Ethics.
The ROV Controller’s purpose includes an affordable means of underwater exploration. The
utilitarian analysis of the ROV Controller benefits everyone involved in underwater exploration. An
affordable underwater exploration tool allows for in-depth analysis of underwater ecosystems,
including species located in those ecosystems, details in evolution, keystone species analysis and
many other important ecosystem details. Alternatively, the same applies to those looking to consume
underwater natural resources. The ROV Controller provides an affordable way to search the sea for
valuable resources limited on land. Such a device would eliminate the barrier between natural
habitats and humans, which could deplete habitats of their resources. The common good could accept
the destruction of underwater habitats as a net gain for mankind, even though the action remains
unethical. Both these arguments include ethical and non-ethical analyses of the Utilitarian ethical
framework.
The IEEE Code of Ethics lists various qualities that an ethical project should follow. The controller
should avoid un-safe practices that could lead to potential harm by disclosing a safety report with
data on the effect of water damage on the controller. An inaccurate safety document could result in
an unethical project. The controller reports should feature accurate and supported data to fully
educate customers and stakeholders. The reports require precise measurements and data to comply
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with the IEEE Code of Ethics. The design of the controller and all specifications derived stem from
the good of every customer, and not the highest bidder to ensure non-ethical practices don’t reach
the specification list. The controller design spreads knowledge, understanding and consequences of
underwater exploration. Those purchasing the device require training in using the device and
understanding of the potential harm the device brings. All project planning feedback affects the final
product, including criticisms. The controller plans cite all sources, wherever possible to give due
respect where deserved. All controller remains available to all persons, regardless to sex, religion or
race. The project engineers avoid all defamation while designing the controller, and work towards
supporting one another. The lead engineer supports the advisor, Cal Poly Institution and EE460
professor by following the code of ethics.
• 9. Health and Safety
Describe any health and safety concerns associated with design, manufacture or use of the project.
The controller produces health and safety concerns when mis-used. Users face electrical safety issues
if the device accidentally conducts in a large source of water. Errors in manufacturing produce
accidental shorts and conduction paths. The batteries used within underwater vehicles produce
dozens of amperes, which creates other concerns when attempting to connect all systems together.
The device user’s safety depends on controller installation, usage and manufacturing. The ROV
Controller reduces human error, thus allowing for a safer vehicle mission. This product does not
offer health benefits.
• 10. Social and Political
• Describe social and political issues associated with design, manufacture, and use.
Political agendas currently hold the greatest influence towards the budget seen by companies that
focus on underwater research. The afore mentioned budget determines the projects design and
manufacture schedules.
Social use of underwater vehicles continues to grow, as more hobbyists and students learn about
underwater ecosystems. The ROV Controller sees wide usage among those interested in underwater
exploration.
• Who does the project impact?
The project impacts those interested in underwater exploration, including hobbyists, students and
companies. The controller indirectly impacts anyone with connections to large bodies of water, as
the controller intrudes on underwater habitats with potential for positive and negative gain.
The ROV Controller creates employment for companies involved in ROV manufacturing and
operating.
• How does the project benefit or harm various stakeholders?
The project allows explorers the chance to learn more about water ecosystems and habitats. The
project also harms anyone whose goal includes keeping underwater habitats untouched.
• To what extent do stakeholders benefit equally? Pay equally? Does the project create any
inequities?
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The ROV Controller creates stakeholder inequity, as the use of the controller varies and affects
stakeholders negatively and positively. The industry stakeholders looking to explore and venture into
the deep-sea world gain equally, while the stakeholders preventing the destruction of nature lose
equally. Hobbyists come across financial barriers due to a lack of funding, which means the ROV
Controller creates inequities between them and industry stakeholders.
• Consider various stakeholders’ locations, communities, access to resources, economic power,
knowledge, skills, and political power.
Only stakeholders with the monetary support required to purchase the vehicle, and geographical
support gain from the ROV Controller. Unfortunately, the controller design provides little for
stakeholders with no bodies of water in the vicinity, or stakeholders that cannot afford the controller.
• 11. Development
Describe any new tools or techniques, used for either development or analysis that you learned
independently during your project.
This project allowed me to advance my skills of design, simulation and PCB layout. The literature
search stage of the project planning allowed me to develop skills in literature analysis.
Include a literature search.
See APPENDIX B – Literature Search

Appendix B – Literature Search for [3] – [11]
[8] The ATmega328/P datasheet provides valuable information concerning the input/output
capabilities of the Arduino microcontroller. This source highlights crucial manufacturer
specifications and limitations of the device. Product and test engineering developed the datasheet
tables, figures and graphs using precision test equipment, making the datasheet a reliable source
of information.
[5] The MPU6050 product specification document provides block diagrams for the gyroscope and
accelerometer sensor, giving readers a better understanding of the module before system
integration. The document underwent various revisions to provide reliable and valuable
information, making it a credible source.
[6] The TMP36 datasheet, like the MPU6050, provides valuable sensor information concerning
integration and accuracy when the device receives power from 3.3 or 5V rails. The TMP36
datasheet receives revisions from multiple system, test and design engineers to ensure customers
receive accurate results. IEEE sponsors the device by listing it in their catalog, thus also making
this device’s performance credible.
[4] This IEEE journal describes the design, simulation and test process performed on a control
system for an ROV. This relates to the ROV controller and could augment the functionality of the
ROV controller by providing new ideas for the design. IEEE journals receive peer editing from
multiple sources, and the authors of the journal provided multiple references for cross-verification.
[13] This book details the thought-process behind designing a successful control system. The
concepts listed include feedback control loops, sensor integration, navigation and power
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limitations. This source’s credibility stems from the various editors (25+) and advisors (20+) that
provided feedback and commentary on the content’s accuracy during the book’s development.
[9] The Remotely operated manipulator and ROV control systems and methods patent describes
an ROV control system consisting of various modes of operation, with a central actuator sensor
system. The ROV controller contains similar aspects to this patent, making it a viable source of
information. The patent clearly defines references and includes references from newer patents. The
information presented in the patent remains credible and reliable due to the number of people that
support the claims.
[10] The control device for motor drive device patent lists various topics concerning motor drive,
including encoder feedback, thrust control and motor position command. The control methods
provide valuable insight towards accurate motor control that remain applicable to the ROV
controller. The patent includes over 50 references from other legal patents, making it reliable.
[3] Typical ROV designing incorporate 6 thrusters for a full six degrees of freedom. The IEEE
journal details a control method that allows for only four thrusters, while maintaining six degrees
of freedom. Like previous entries, the article contains relevant citations and references.
[7] The relative humidity sensor HS1101 allows vehicle humidity monitoring, making it another
appropriate interface sensor. The datasheet incorporates well-defined figures and graphs, with
support data to convey reliable information.
[11] The protection IC provides safety features for single cell lithium polymer batteries. The ROV
Controller features a fail-safe mode, which notifies the system to surface if a fault occurs. The
controller relies on a spare battery to maintain power, even during fault occurrence. The datasheet
includes various sources, charts, figures and tables of information gathered during multiple test
cycles. The datasheet revisions span a four-year time range, meaning that the IC remains active
and well-monitored, making it a reliable source of information.
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Appendix C – Arduino Code

/*
* Engineer: Christian Aguirre
* Senior Project: ROV Controller
* Cal Poly Electrical Engineering Department 2018 - 2019
*/
//Include necessary libraries for the PID, Motors, Gyroscope and I2C
#include <PID_v1.h>
#include <Servo.h>
#include <MPU6050_tockn.h>
#include <Wire.h>
#include "Type4051Mux.h"
//initialize the MPU6050 using the wire library
MPU6050 mpu6050(Wire);
//PWM signal motor constants
#define FULLREVERSE 1350
#define STOP 1500
#define FULLFORWARD 1650
//Define motor output pins, must have PWM capabilities
const int topPin = 6;
const int bottomPin = 10;
const int leftPin = 5;
const int rightPin = 3;
int recentTime = 0; //initialize the variable that stores recent time
//Initialize the output PWM values
int topspeed = 0;
int rightspeed = 0;
int rightspeedCal = 0;
int leftspeed = 0;
int botspeed = 0;
int topspeedCal = 0;
//initialize top and bottom motor weighting variables
float topAutospeed = 0;
float botAutospeed = 0;
float topSubspeed = 0;
float botSubspeed = 0;
float diffTop1, diffTop2, diffT = 0;
float diffBot1, diffBot2, diffB = 0;
//initialize variables to store analog data
int rightDir = 0;
int leftDir = 0;
int zDir = 0;
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//Define limit variables for the PID function's output
int lowerLim = -100;
int upperLim = 100;
//define the motor names for the servo library
Servo top;
Servo bottom;
Servo left;
Servo right;
//Define Variables we'll be connecting to
double Setpoint, Input, Output;
int SampleTime = 100;
bool armed = true;
//Specify the links and initial tuning parameters
double Kp=3, Ki=0.5, Kd=0.1;
PID myPID(&Input, &Output, &Setpoint, Kp, Ki, Kd, DIRECT);
int PIDMode = AUTOMATIC;
//Initialize MUX
Type4051Mux mux(A0, INPUT, ANALOG, 8, 9, 10);
void setup(){
//initialization functions
MPU_INIT();
PID_INIT();
motorAttach();
//delay to give user enough time to drop the vehicle into the water
delay(5000);
//attach interrupt to digital pin 2
attachInterrupt(digitalPinToInterrupt(2), isr, FALLING);
}
void loop(){
//MUX data collection
int data;
for (byte i = 0; i < 4; ++i) {
// Reads from channel i (returns a value from 0 to 1023).
data = mux.read(i);
if(i == 0)
{
leftDir = data;
}
else if (i == 1)
{
rightDir = data;
}
else if (i == 2)
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{
zDir = data;
}
}
//update and store the gyroscope angles
mpu6050.update();
Input = mpu6050.getAngleX();
//compute the PID output for stabilization
myPID.Compute();
//Map analog inputs to PWM outputs
OutputMap();
//calibration to slow down the right motor and top motor
rightspeedCal = (rightspeed-1500)*0.85+1500;
topspeedCal = (topspeed-1500)*0.6+1500;
//Generate PWM outputs
right.writeMicroseconds(rightspeedCal);
left.writeMicroseconds(leftspeed);
top.writeMicroseconds(topspeedCal);
bottom.writeMicroseconds(botspeed);
delay(20); //slight delay to prevent rapid changes in motor usage
}
/*Interrupt subroutine to change the PID control from automatic
* to manual
*/
void isr(){
detachInterrupt(digitalPinToInterrupt(2)); //disable interrupt while in ISR
if(PIDMode == AUTOMATIC)
{
PIDMode = MANUAL;
}
else if(PIDMode == MANUAL)
{
PIDMode = AUTOMATIC;
}
myPID.SetMode(PIDMode);
attachInterrupt(digitalPinToInterrupt(2), isr, CHANGE); //re-enable
}

/* Generate PWM outputs for all directions using MUX data and
* map() to determine left speed, right speed and z-direction
* speed. The top and bottom motors PWM signal is determined
* using a weighting function due to the manual and automatic
* control of the motors.
*/
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void OutputMap(){
leftspeed = map(leftDir, 0, 1023, FULLREVERSE, FULLFORWARD);
rightspeed = map(rightDir, 0, 1023, FULLREVERSE, FULLFORWARD);
if(PIDMode == AUTOMATIC)
{
botSubspeed = map(zDir, 0, 1023, FULLREVERSE, FULLFORWARD);
topSubspeed = map(zDir, 0, 1023, FULLFORWARD, FULLREVERSE);
diffTop1 = topSubspeed - STOP;
diffBot1 = botSubspeed - STOP;
topAutospeed = map(Output, 100, -100, FULLFORWARD, FULLREVERSE);
botAutospeed = map(Output, -100, 100, FULLREVERSE, FULLFORWARD);
diffTop2 = topAutospeed - STOP;
diffBot2 = botAutospeed - STOP;
topspeed = (abs(diffTop2)/(abs(diffTop1)+abs(diffTop2)))*diffTop2 +
(abs(diffTop1)/(abs(diffTop1)+abs(diffTop2)))*diffTop1+1500;
botspeed = (abs(diffBot2))/(abs(diffBot1)+abs(diffBot2))*diffBot2 +
(abs(diffBot1))/(abs(diffBot1)+abs(diffBot2))*diffBot1+1500;
}
else if(PIDMode == MANUAL)
{
botspeed = map(zDir, 0, 1023, 1700, 1300);
topspeed = map(zDir, 0, 1023, 1300, 1700);
}
}
//Initialize the PID features, including AUTOMATIC, setpoint, sample time and output
limits
void PID_INIT(){
myPID.SetMode(PIDMode);
Setpoint = 0;
myPID.SetSampleTime(SampleTime);
myPID.SetOutputLimits(lowerLim,upperLim);
}
//Initialize the MPU6050 (gyroscope), calculate the gyro offsets and get the first
Input value
void MPU_INIT(){
Wire.begin();
mpu6050.begin();
mpu6050.calcGyroOffsets(true);
Input = mpu6050.getAngleX();
}
//Attach the top, bottom, left and right motors to their assigned pins
void motorAttach(){
top.attach(topPin);
top.writeMicroseconds(STOP);
bottom.attach(bottomPin);
bottom.writeMicroseconds(STOP);
left.attach(leftPin);
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left.writeMicroseconds(STOP);
right.attach(rightPin);
right.writeMicroseconds(STOP);
}

Appendix D – Software Flowchart
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Appendix E – MATLAB Simulation Script

% Automating initial conditions.
%myplant = ss(A,B,C,D)*0.14*0.023;
%clear all; clc;
close all;
% Kp = 1;
% Ki = 1;
% Kd = 1;
theta_vals = 0:10:0;
% Suppose we want proportional control:
K = 0.1;
ZIR = figure();
%moment of inertia calculations
m = 4.535;
R1 = 0.6e-2;
R2 = 5e-2;
J = (m/2)*(R1*R1+R2*R2);
%state space variables
A = [0 1;0 -K/J];
B = transpose([0 1/J]);
C = [0.95 0];
D = 0;
%loop for testing PID gain coefficients
for i = 1:1
for k = 1:length(theta_vals)
x0 = [theta_vals(k);0];
SimOut = sim('IntSim','ReturnWorkspaceOutputs','on');
results(k) = SimOut; % Store all results for later analysis if wanted.
figure(ZIR);
hold on;
plot(SimOut.tout,SimOut.theta); % Plot the time domain response as we go.
end
%Create legend and label axes
legend("0 degrees","10 degrees","20 degrees","30 degrees","40 degrees","50
degrees","60 degrees");
xlabel("Time (seconds)");
ylabel("Pitch Angle (degrees)");
end

Appendix F – PID Output to Force Simulink Block
function Force

= fcn(PID_Out)

if(PID_Out>=100)
PID_Out = 100;
elseif(PID_Out<=-100)
PID_Out = -100;
end
fromLow = -100;
fromHigh = 100;
toLow = 1100;
toHigh = 1900;
PWM = ((PID_Out - fromLow) .* (toHigh - toLow) ./ (fromHigh - fromLow) + toLow)-0.375;
PWM = PWM - 1500;
Force = (-7E-13*PWM^5 - 2E-11*PWM^4 + 2E-07*PWM^3 + 8E-06*PWM^2 + 0.0124*PWM)/5;
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